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Abstract 

Background: Haemophilus influenzae colonizes the nasopharynx as a commensal. Strain-specific factors allow some 
strains to migrate to particular anatomical niches, such as the middle ear, bronchi or blood, and induce disease by 
surviving within the conditions present at these sites in the body. It is established that H. influenzae colonization 
and in some cases survival is highly dependent on their ability to form a biofilm. Biofilm formation is a key trait in 
the development of chronic infection by certain isolates. This is exemplified by the contrast between the 
biofilm-forming strains found in middle ear infections and those isolates that survive within the blood and are rarely 
associated with biofilm development. 

Results: Screening a group of H. influenzae strains revealed only slight variations in their growth across a range of 
pH conditions. However, some isolates responded to a pH of 8.0 by the formation of a biofilm. While the type b 
capsular blood isolate Eagan did not form a biofilm and grew at the same rate regardless of pH 6.8-8.0, 
transcriptomic analyses demonstrated that at pH 8.0 it uniquely induced a gluconate-uptake and metabolism 
pathway, which concurrently imports H + . A non-typeable H. influenzae, isolated from the middle ear, induced 
biofilm formation at pH 8.0, and at this pH it induced a series of iron acquisition genes, consistent with previous 
studies linking iron homeostasis to biofilm lifestyle. 

Conclusions: Different strains of H. influenzae cope with changes in environmental factors using strain-specific 
mechanisms. These pathways define the scope and mode of niche-survival for an isolate. The pH is a property that 
is different from the middle ear (at least pH 8.0) compared to other sites that H. influenzae can colonize and infect. 
The transcriptional response to increasing pH by H. influenzae varies between strains, and pH is linked to pathways 
that allow strains to either continue free-living growth or induction of a biofilm. We showed that a biofilm-forming 
isolate induced iron metabolism pathways, whereas a strain that does not form biofilm at increasing pH induced 
mechanisms for growth and pH homeostasis based on sugar acid transport. 
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Background 

Haemophilus influenzae is a y-Proteobacterium from 
within the order the Pasteurellacae. It is an obligate hu- 
man commensal of the nasopharynx and in most cases it 
remains as a commensal but some strains can transit 
from the nasopharynx to other parts of the body and in 
doing so cause numerous types of disease [1]. There are 
strain-specific factors that enable pathogenic strains to 
transit to, and then survive within, different parts of the 
body, where the stresses of multiple environmental con- 
ditions require a breadth of adaptive abilities that permit 
survival and growth [2]. There are a number of physical 
parameters that are known to vary between parts of the 
human host, including: oxygen tension, carbon/energy/ 
nitrogen source, pH and the presence of reactive oxygen 
and reactive nitrogen species. Defence against these can 
be directly encoded through detoxification genetic path- 
ways, but also through broader mechanisms for environ- 
mental adaptation. In addition to specific pathways that 
respond to and deal with each of the damaging physical 
or chemical stressors present within the various environ- 
ments the bacteria may encounter, many bacteria have a 
capacity to switch their lifestyle such that these stresses 
no longer cause damage to their cell. One key lifestyle 
adaptation is the switch from planktonic (or "free-living") 
cells to a biofilm [3-5]. This process is based upon numer- 
ous features of the bacterial cell including alterations in 
their metabolism and physiology, the presence and nature 
of surface structures, and the general physical properties 
of the bacterial cell. The process of biofilm formation is 
defined in stages and each of these has specific features 
and profiles [2]. Put simply, under stressed conditions 
bacterial cells can switch from a free-living and a rap- 
idly dividing phenotype to an altered metabolic form 
associated with cell-cell aggregation and attachment 
to a surface. There are then early, mid, and late stages for 
the maturation of a bacterial biofilm. The particular 
stresses that induce a change in lifestyle and subsequently 
the process of biofilm formation are poorly defined for 
many pathogenic bacteria, however antibiotic usage is 
certainly one, nutrient starvation and oxidative stress 
are others [4]. These conditions or signals do seem to 
be specific for different species. Despite some previous 
disagreement about the ability of H. influenzae to form a 
biofilm [6], there is now overwhelming evidence that 
H. influenzae use biofilm formation for survival within 
the host and certainly in their colonization of the host 
[7-13]. There are elements of H. influenzae which seem to 
be induced and therefore important for biofilm formation 
[13]. There are numerous examples of studies that 
have shown that iron uptake is central to growth within a 
biofilm [14-20]. 

There is a need to further characterise the differences 
between biofilm-forming and non-biofilm-forming isolates 



of H. influenzae. This can be accomplished through a 
comparison of the genetic and transcriptomic differences 
between H. influenzae strains that respond to stresses by 
forming a biofilm, and those that continue to grow under 
those conditions without forming a biofilm. Changes in 
pH provides a suitable stressor, being central to its colon- 
isation of different anatomical niches, and identification of 
the molecular pathways that vary between such isolates 
would be significant in our understanding of H. influenzae 
pathogenesis. 

H. influenzae strains and isolates display more variation 
than many other pathogens and underpinning the basis 
for the strain-specific actors that underlie their biofilm 
formation (recently reviewed [21,22]). Indeed, coupled to 
this, there are many features of the H. influenzae physi- 
ology [23-25] and stress response [26-30] that indicate 
that this particular host-adapted bacterium has unique 
molecular mechanisms for survival in the various loca- 
tions of its host that it can exist. 

The pH is known to be elevated in the middle ear, 
compared to other parts of the body [31,32] and in this 
niche there is some evidence that it is pH that induces 
particular isolates of H. influenzae to form a biofilm 
[33]. We have assessed the response of different clinical 
isolates of H. influenzae to changing pH; their growth 
and biofilm formation. 



Results and discussion 

The growth of different strains of H. influenzae with 
changing pH 

The growth of 11 strains (Additional file 1: Table SI) of 
H. influenzae were assessed over a range of pH values; 
pH 6.8, 7.4 and 8.0 as the physiological pH is known to 
vary among host organs, tissues and niches. Even within 
a particular body site there can be spatial and temporal 
changes in pH as a consequence of specific events [31]. 
Despite this uncertainty in the precise nature of the pH 
value associated with host-pathogen microenvironments, 
it is clear that there are distinct differences between the 
primary site of colonization (nasopharynx) and the vari- 
ous sites of infection, including the lower respiratory 
tract, the blood and the middle ear. As an example, the 
blood can be 6.8-7.4 and the middle ear is usually consid- 
ered to be around pH 8.0 [31,32]. We assessed pH 
response of a small set of isolates of H. influenzae that 
were known to colonise either the blood or the middle ear. 
We grew the bacteria (in liquid cultures, see Methods) 
at pH 6.8, 7.4 and 8.0 and plotted their growth curves 
(Additional file 1: Figure SI) and from this we calculated 
mean growth rates (Table 1 and Additional file 1: Figure S2). 
There were no clear patterns, and the observed changes 
represented only slight variations. The equivocal differences 
in growth at different pH levels does not exclude the 



Ishak et al. BMC Microbiology 2014, 14:47 
http://www.biomedcentral.eom/1 471 -21 80/1 4/47 



Page 3 of 10 



Table 1 Growth rates of H. influenzae isolates grown at different pH 



Strain 


Tvoe 


pH 6.8 


pH 7.0 


pH 8.0 


Rd KW20 


Serotype d, non-capsular 


0.41 4 ±0.08* 


0.515 ±0.10 


0.443 ±0.1 2 


86-028NP 


NTHi, OM 


0.330 ±0.09 


0.483 ± 0.05 


0.435 ± 0.04 


R2846 


NTHi, OM 


0.405 ±0.11 


0.587 ± 0.04 


0.477 ± 0.09 


NTHi-1 


NTHi lunn 
in i m, iui ly 


n Al 1 + D 07 

U.H- 1 Z ZL U.U/ 


n ?zn + n m 

U.Z^+D X U.U I 


n a-\ r\ _i_ n no 
U/+ I U X u.uo 


R2866 


NTHi, blood 


0.291 ±0.04 


0.1 94 ±0.01 


0.300 ± 0.05 


285 


NTHi, OM 


0.293 ± 0.05 


0.367 ± 0.07 


0.422 ±0.10 


C486 


NTHi, OM 


0.480 ± 0.03 


0.446 ± 0.04 


0.554 ±0.05 


Hi667 


NTHi, OM 


0.281 ±0.04 


0.338 ±0.01 


0.234 ±0.02 


Eagan 


Serotype b, CSF 


0.358 ±0.03 


0.386 ± 0.07 


0.391 ±0.08 


R3264 


NTHi, middle ear of healthy child 


0.256 ± 0.04 


0.303 ± 0.03 


0.236 ± 0.06 


86-66MEE 


NTHi, OM 


0.295 ± 0.04 


0.258 ± 0.02 


0.200 ± 0.04 



^doubling per hour. 



possibility that the cells are responding differently, such as 
with an alternative lifestyle (biofilm formation). 

The formation of biofilm by H. influenzae as a 
consequence of changing pH 

Given that colonization by H. influenzae within various 
host niches, such as the middle ear, is linked to their in- 
duction of a biofilm, and increased pH is characteristic 
of these environments, we assessed the possibility that 
biofilm induction is a consequence of increased pH. It 
has been previously suggested that for H. influenzae the 
biofilm formation is induced at pH 8.0 [33]. We assayed 
for biofilm formation at pH 6.8, 7.4 and 8.0 (Additional 
file 1: Figure S3). These screening assays were performed 
by counting planktonic cells (as described in Methods) 
followed by washing and then releasing the biofilm cells, 
and counting colonies (to calculate colony forming 
units per mL; CFU/ml). In some strains, such as isolate 
R3264, there was significant induction of biofilm at pH 8.0 
(Additional file 1: Figure S3). Other strains, including 
Eagan, did not form biofilm at any pH. 

To compare in detail contrasting isolates from this screen- 
ing of H. influenzae, Eagan (a capsular, blood isolate) and 
R3264 (a NTHi middle ear isolate) were taken for further 
analysis (Figure 1), more biological and experimental rep- 
licates. Planktonic cell growth was assessed and then bio- 
film cell numbers were enumerated. Eagan grew equally 
well at pH 6.8 and 8.0, as did R3264, but Eagan did not 
form any biofilm at either pH 6.8 or 8.0 whereas R3264 
produced a significant biofilm at pH 8.0, within the con- 
text of this assay there was an increase in biofilm forma- 
tion at pH 8.0 (Figure IB). These results are consistent 
with what is generally accepted and known with regard to 
H. influenzae pathogenesis; that the capsular strains cope 
with increased pH by continuing planktonic growth while 
NTHi isolates that colonizes the middle ear switches to a 
biofilm mode of growth [3,5,34]. 



Transcriptional analyses of Eagan and R3264 under 
different pH 

Given the definite, growth-style, variations in response to 
a shift in pH from 6.8 to 8.0 between Eagan and R3264, 
we were interested in determining the underlying tran- 
scriptional differences that varied between Eagan and 




6.8 pH 8 



Figure 1 The effect of pH on the (A) growth and (B) biofilm 
formed by H. influenzae isolates Eagan and R3264. The cells of 
strain R3264 (black bars) and Eagan (grey bars) from planktonic 

(A) growth at pH 6.8 and then 8.0 were assessed. Similarly, the 

(B) biofilm cells were collected and cell numbers enumerated. 

Error bars are the standard deviation, *p < 0.001 (Student t-test). 
k J 
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R3264. We therefore used RNAseq to analyse the whole 
cell transcriptome at pH 6.8 and 8.0 for both Eagan and 
R3264 (Figure 2). The shift from pH 6.8 to 8.0, while 
biologically relevant and certainly impacting bacterial 
style of growth (Figure 2), is still a subtle change and it 
was not expected to generate a large set of cellular path- 
ways with changed expression patterns. 

Genes that were differentially expressed in Eagan (Table 2 
and Additional file 1: Figure S4) revealed predominantly 
an up-regulation of two gluconate:H + symporters (HI 10 15 
and HI0092) and the associated gluconate (or sugar acid) 
metabolic genes (HI1010-1015, see Figure 3) and a poten- 
tial glycerate kinase (HI0091) that links into glycolysis. It 
is worth noting that these genes /pathways are genetically 
unlinked, adding to validity of the response. In addition to 
the H11015 /gntP symporter, the HI1010-1015 genes in- 
clude homologs to a sugar epimerase, aldolase and isom- 
erases that are within the first stages of the pentose 
phosphate pathway (PPP). The first gene (HI 10 10) is a po- 
tential 6-phosphogluconate dehydrogenase that generates 
ribulose-5 -phosphate. This links directly into the PPP and 
other energy and biosynthetic pathways (outlined in 
Figure 3). 

The GntP symporter family of transporters also import 
H + , as part of the survival response associated with an 



increased environmental pH (Table 2). It is interesting 
to note that our bioinformatic analyses have identified 
an operator/promoter upstream of HI1010 (Figure 3) 
with a putative DeoR binding site; HI1010 is divergent 
to a DeoR-like gene. While not within the scope of this 
project it is known in other bacteria that DeoR-like 
regulators variously control pathways directing sugar 
metabolism and are connected to the PPP. Also, the 
bioinformatics analyses indicate that the HI1010-1015 
genes are on a single transcriptional unit, forming 
an operon. 

Traditionally high concentrations of glucose are thought 
to be oxidized extracellularly by membrane-bound de- 
hydrogenases. Whereas under low glucose conditions, 
oxidized glucose is imported and phosphorylated within 
the cell to 6-phosphogluconate [35] which feeds into ei- 
ther the Entner-Dourdooff (ED) pathway or the PPP 
[36] for energy. In addition, gluconate can act as an ex- 
ogenous carbon source and therefore be taken up as a 
direct mode of growth. It has been shown in some con- 
texts that such metabolism is related to bacterial growth 
in the host-pathogen environment, such as with Escheri- 
chia coli colonization of the mouse large intestine [37,38] 
where gluconate is also important in the growth and 
pathogenesis of other pathogens [39]. Some bacteria 



Eagan 



1789 total genes 
identified 



52 significantly 
expressed; p- 
value<0.05, FDR<0.1 



log2-fold>1.5 

2 gene down- 
regulated 

^12 genes up-regulated y 



R3264 



1789 total genes 
identified 



34 significantly 
expressed; p- 
value<0.05, FDR<0.1 



Iog2-fold>1.0 

2 genes down- 
regulated 

^ 8 genes up-regulated j 



Figure 2 An overview of RNAseq results for Eagan and R3264 growth at pH 6.8 and 8.0. RNA was collected from planktonic growth of 
strains Eagan and R3264 when grown at pH 6.8 and 8.0 and the whole genome gene expression compared. The numbers of genes differentially 
expressed under these conditions is shown. 
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Table 2 Genes differentially expressed in H. influenzae 
Eagan at pH 8.0 compared to pH 6.8 

Genes up-regulated at pH 8.0 compared to 6.8 



Metabolic genes 



Gene 


Log 2 
fold 


p-value 


FDR 


Comment 


HI1010 


2.21 


5.1 2x1 0~ 10 


1.02x10~ 7 


6-phosphogluconate 
dehydrogenase 


HI101 1 


2.20 


6.83x1 0" 10 


1 .22x1 0 -7 


Similar to YgbK 


HI1012 


2.04 


3.06x1 0" 8 


3.64x1 0" 6 


Sugar isomerase 


HI1013 


1.88 


3.04x1 0" 7 


2.86x1 0" 5 


Hydroxy pyruvate 
isomerase 


HI1014 


1.52 


2.33x1 0" 5 


1.54X10" 3 


Sugar epimerase 


HI1015 


1.12 


1.1 8x1 0~ 3 


4.70x1 0" 2 


GntP family, 
gluconate:H + symporter 


HI0091 


1.74 


5.98x1 0" 7 


5.33x1 0" 5 


Hypothetical protein; 
homologous to GlxK, 
glycerate kinase 


HI0092 


2.14 


1.49X10" 9 


2.41 X10" 7 


GntP family, 
gluconate:H + symporter 


Iron uptake genes 


Gene 


Log 2 
fold 


p-value 


FDR 


Comment 


HI0995 


1.53 


1.72X10" 5 


1.23X10" 3 


OMP, iron-binding 


hitA 


2.21 


1.69X10" 10 


3.77x1 0" 8 


Iron uptake 


hxuB 


1.65 


1.54X10" 6 


1.25X10" 4 


Hemopexin utilization 
protein 


hxuC 


1.70 


8.04x1 0" 7 


6.83x1 0" 5 


TonB-dependent heme 
receptor 


Genes of unknown function 


Gene 


Log 2 
fold 


p-value 


FDR 


Comment 


HI1427 


1.54 


6.87x1 0" 6 


5.33x1 0" 4 


Hypothetical protein 


Genes down-regulated at pH 8.0 compared to 6.8 


Gene 


Log 2 
fold 


p-value 


FDR 


Comment 


HI1349 


-2.31 


5.58x1 0" 11 


1.42X10" 8 


Ferritin 


HI1385 


-1.55 


2.27x1 0" 5 


1.54X10" 3 


FtnB; non-heme ferritin 



possess multiple gluconate uptake systems [40,41], such as 
those characterized in E. coli, where there are four [42]. 
Not all of these are necessarily primary gluconate trans- 
porters, with some acting on other sugar acids that are 
able to be utilized by the same permeases. At least one of 
these has been shown to be likely to preferentially import 
fructuronate and not gluconate [43]. In E. coli and other 
bacteria these transporters are regulated through different 
transcriptional pathways controlled by sugar-utilizing sys- 
tems and signals; such as the sensing of the presence of 
gluconate by GntR, or as in a cAMP-dependent catabolite 
repression system/s, by the global transcriptional regulator 
CRP [40,44,45]. There is an emerging consensus that the 
regulation and role of these sugar acid metabolic systems 
is broader than originally thought. Recently it has been 



shown that in E. coli, the hexuronate utilizing pathways 
are regulated by a complex interplay of regulatory systems 
including induction under osmotic stress conditions [46]. 
What is clear from our results is that there are two hom- 
ologous gluconate transport systems in H. influenzae 
Eagan and that both are upregulated at pH 8.0. The media 
used throughout our studies was rich in glucose and other 
carbon and energy sources (and the media was the same 
between pH 6.8 and 8.0; changes in carbon availability and 
the subsequent regulatory systems is therefore not a rea- 
son for these genes being upregulated at pH 8.0 compared 
to 6.8). It is worth noting that there are other genes re- 
sponsible for these steps in the PPP in the genomes of 
H. influenzae, however these genes are not physically 
linked on an operon as with HI1010-1015. The indica- 
tion is that in the Eagan strain the HI1010-1015 operon 
is uniquely regulated based on pH and it feeds into the 
PPP functioning under increased pH. The duplication of 
genes for steps in the PPP is not unusual, there are ho- 
mologs of these H. influenzae genes (HI101 1-1015) in 
several bacteria that have a similar duplication. In Pecto- 
bacterium carotovorum the homologs to HI101 1-1015 
are vguABCD and these function in gluconate metabo- 
lism and have an as yet uncharacterized role in the 
pathogenesis of this plant pathogen [47] . 

Interestingly, the sugar acid metabolism pathways can also 
feed into cell wall composition or modifications. Glucuronic 
acid can be incorporated into the inner core of the lipopoly- 
saccharide (LPS) in E. coli and these potential modifications 
are a response to environmental stresses, specifically those 
associated with envelope stress, such as pH, and this re- 
sponse is controlled by several regulatory pathways [46,48]. 

We demonstrated that as the pH increases to 8.0, the 
Eagan isolate induced two gluconate permeases, one being 
part of an operon with gluconate metabolism genes, these 
likely providing the proteins and enzymes linked into 
energy production (through the ED or PPP pathways) but 
also potentially providing other cellular alterations for 
coping with the stress (modifying the LOS, for instance). 

In contrast, the NTHi R3264 isolate did not induce 
the HI1010-1015 operon at pH 8.0. Consistent with this 
isolate inducing its biofilm formation at pH 8.0, it in- 
duced various, genetically unlinked iron acquisition 
genes (Table 3; the iron uptake genes hitAB, tbpl-tbp2 
and hxuB were all upregulated and the iron storage fer- 
ritin gene was down- regulated). In multiple bacterial 
species iron acquisition pathways have been linked to 
the development of the biofilm lifestyle; such that if 
these pathways are removed or iron is unavailable it de- 
pletes their biofilm-forming ability [16,19]. Likewise in 
studies on NTHi biofilm formation and biofilm matu- 
ration, the iron uptake has been shown to be essential 
[17,49-54]. It should be noted that in our comparative 
analyses of R3264 and Eagan at pH 8.0 we showed that 
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DeoR-like HI1010 HI1011 HI1012 HI1013 HI1014 gntP HI1016 

g ene 6-PG YgbK sugar isomerase epimerase gluconate:H+ 

regulator dehydrogenase gluconate isomerase symporter 
metabolism 



B 



gluconate H+ 




gluconate H+ 



6-phosphogluconate 

j 6-PG dehydrogenase 
ribulose-5-P Purine 
/ \isomerase biosynthesis 

ribose-5-P " 

glyceraldehyde-3-P 
/ Glycolysis/ 
erythrose-4-P EMP pathway 



ED pathway, xylulose-5-P 

/ \ 
sedoheptulose-7-P 

aldolase\, 

Amino acid 
pathway 



Figure 3 The pathway uniquely induced in H. influenzae Eagan at pH 8.0. (A) Genes H1 101 0-1 01 5 (block arrows, grey) were all induced in 
H. influenzae Eagan at pH 8.0. In silico analysis identified 2 promoters across this region of the genome (indicated by line arrows) and HI1010-HI1015 
forms a single operon. (B) These H1 1 01 0-1 01 5 genes encode a gluconate:H + symporter, a putative 6-phospohogluconate dehydrogenase and 
a range of sugar isomerases and epimerases that would link gluconate to the PPP and other metabolic pathways (the putative role for these 
genes are shown in blue). 



Eagan did not form significant amounts of biofilm. As a 
comparison of their profile of growth pathways at pH 8.0 
and then for R3264 at 6.8 (when R3264 cells forms less 
biofilm), the transcriptional switch in the planktonic 
R3264 cells at pH 8.0 compared to 6.8 is an indication of 
their response to this environmental condition and mech- 
anisms that predispose the cells to biofilm formation as 
well as allowing a direct comparison to the Eagan plank- 
tonic cells at pH 8.0. The R3264 cells at pH 8.0 that are in 
the biofilm were therefore excluded from our comparison; 
these by definition would be greatly different (probably in- 
cluding the type IV pili or other adhesins) and not a clear 
comparison to the non-biofilm forming Eagan cells. It was 
not our aim to compare planktonic against biofilm cell 
but the response to increased pH, conditions we know 
shift the R3264 cells to biofilm-forming state. It is worth 
noting that there were iron-associated genes up-regulated 



in Eagan at pH 8.0 but not to the extent observed in 
R3264. 

Conclusions 

H. influenzae can adapt to the physical and chemical 
properties that exist in different anatomical niches (such 
as the nasopharynx, lung, blood and the middle ear mu- 
cosa). Various strains of this pathogen adapt to these 
niches differently, such growing rapidly and planktoni- 
cally or alternatively by forming a biofilm. The different 
niches are known to vary in a range of properties, the 
pH being one of these that subtly but significantly shifts 
from about neutral in the blood to pH 8.0 in the middle 
ear [31,32]. The pH does not remain constant within a 
niche and even in the blood there can various reasons 
for the pH to shift. While blood pH is tightly regulated 
at around pH 7.4, there are other parts of the body 
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Table 3 Genes differentially expressed in H. influenzae 
R3264 at pH 8.0 compared to pH 6.8 

Genes up-regulated at pH 8.0 compared to 6.8 



Iron uptake genes 



Gene 


Log 2 fold 


p-value 


FDR 


Comment 


hitA 


1.76 


9.65x1 0" 12 


2.46x1 0" 9 


Iron uptake ABC, 
periplasmic domain 


hitB 


1.31 


8.77x1 0" 7 


1.1 1x1 0" 4 


Iron uptake ABC, 
permease domain 


tbp2 


1.54 


2.92x1 0" 5 


2.74x1 0" 3 


Iron-binding 
OM receptor 


tbpl 


1.49 


3.53x1 0" 7 


5.26x1 0" 5 


Transferrin 
binding protein 


hxuB 


1.02 


8.62x1 0" 5 


7.32x1 0" 3 


Heme-hemopexin 
utilization protein 


Metabolic genes 


Gene 


Log 2 fold 


p-value 


FDR 


Comment 


glpB 


1.08 


5.35x1 0" 5 


4.77x1 0" 3 


Glycerol metabolism 


Genes of unknown function 


Gene 


Log 2 fold 


p-value 


FDR 


Comment 


HI0997 


1.34 


8.95x1 0" 4 


5.51X10" 2 


Hypothetical protein 


HI1427 


1.31 


4.1 7x1 0" 7 


5.72x1 0" 5 


Transmembrane protein 


Genes down-regulated at pH 8.0 compared to 6.8 


Gene 


Log 2 fold 


p-value 


FDR 


Comment 


HI1349 


-1.23 


5.1 4x1 0" 6 


5.1 0x1 0" 4 


Ferritin 


ohpD 


-1.72 


1.24X10" 7 


2.01 X10" 5 


Stress response 



encountered by H. influenzae as a result of systemic in- 
fection starting in the blood that can include conditions 
that do reach pH 8.0. A capsular isolate taken from the 
blood would therefore need to be able to exist in the pH 
range of 6.8-8.0 but in this lifestyle it is rarely associated 
with a biofilm. A NTHi isolate from the middle ear (R3264) 
would predominantly encounter pH 8.0 and its processes 
of colonization would occur at this pH (although once 
again the pH is thought not to be constant in this niche, 
but varying within a range of 7.0-9.0). In this niche as part 
of its colonization, the bacterial cell would form a biofilm. 
Indeed some studies have shown that biofilm is induced 
in the middle ear as a very likely consequence of the in- 
creased pH (this was presented as a function of the induc- 
tion of type IV pili but does not exclude other pathways 
not examined in this study) [33]. The type IV pili genes 
are more likely to be highly regulated in the biofilm cells 
themselves and not the planktonic cells we analysed. 

Not all H. influenzae isolates respond to the changes 
in physical and chemical properties between the niches 
that H. influenzae can occupy with the same capacity or 
in the same manner. We show that H. influenzae isolates 
respond differently to the subtle and yet physiologically 
relevant changes in pH from 6.8 to 8.0. These changes 
are slight in regards to the observed growth rates but 



the changes are underpinned by lifestyle changes, such 
as modes of growth or biofilm formation. A capsular iso- 
late (Eagan), continues to grow, with variation from 
pH 6.8 to 8.0 and does not form a biofilm while a NTHi 
isolate known to colonize the middle ear, does form a 
biofilm at pH 8.0. This is consistent with the established 
knowledge that the middle ear is more basic in its pH 
than the nasopharynx or the blood and NTHi colonize 
the middle ear by biofilm formation. While it was not 
unexpected that the NTHi isolate induced its iron- 
uptake pathways during its growth at pH 8.0 as it cells 
become predisposed to forming a biofilm, it was a novel 
finding that the Eagan strain induced gluconate:H + uptake 
and sugar acid/gluconate metabolic genes. This pathway 
was not induced in the biofilm-forming R3264 cells. This 
obviously provides a pathway for growth, through the link 
from gluconate to the ED and PPP energy production 
pathways, while at the same time providing a mechanism 
for maintaining pH homeostasis (importing H + ). Our 
study has therefore identified clear differences between 
a capsular isolate and a NTHi isolate in their response 
to a relevant pH shift; these differences seem likely to be 
the basis for their mode of growth and survival within a 
specific niche. 

Methods 

Bacterial strains and culture conditions 

H. influenzae was cultured in BHI media which was pre- 
pared with 3.7% w/v BHI Powder (Oxoid). For solid 
media, 1.5% agar powder was added. Media was sterilized 
by autoclaving at 121°C for 20 minutes. 10% w/v Levinthal 
blood was added for solid BHI media. BHI broth required 
NAD + (2 ug/ml) and 10 ul/ml Hemin solution (0.1% w/v 
Hemin, 0.1% w/v L-histidine, 4% v/v Triethanolamine). 
For monitoring cell growth over a time course, H. influen- 
zae strains were initially cultured overnight in 5 ml BHI. 
The OD 600nm was measured and a normalized number of 
cells were inoculated into 250 \A of BHI broth in a 96-well 
plate (Falcon). The cells were grown with shaking, at 37°C 
in a incubating microtitre plate reader (BioTek, Es260). 
OD 600nm measurements were taken at given at 30 min. 
timepoints and the assays were performed in triplicate. 

Bacterial biofilm assays and assessment planktonic and 
biofilm cell numbers 

In the first instance, the ability to form a biofilm was 
measured on polystyrene surfaces using 96-well plates 
(Microtest U-bottom, polystyrene, non-tissue culture 
treated plates, Falcon). Briefly, cells were grown for 24 hr 
at 37°C in the conditions as described for each experi- 
ment. The unattached cells were washed away with sterile 
water and the bound cells were stained with 0.1% crystal 
violet (at 4°C for 1 hr). The crystal violet was removed and 
the bound cells quantified by resuspending the crystal violet 
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by addition of 250 \iL 20% acetone: 80% ethanol and 
measuring the absorbance at 560 nm. Each sample had at 
least 4 replicates. 

To concurrently assess planktonic and biofilm cells 
colony forming units per mL (CFU/mL) bacteria from 
each growth state were measured. Cells were grown as 
described above and then enumerated during the plank- 
tonic growth lifestyle: 20 uL are taken from 96-well 
plate growth, from the free-living broth culture. The 
20 uL was added into 180 uL of PBS into a new 96-well 
plate. Serial dilutions were then performed from 10 _1 to 
10~ 8 and 20 uL from each dilution was plated out onto 
Brain Heart Infusion (BHI) agar and incubated over- 
night in a 37°C/5% C0 2 in incubator. Colonies were 
counted and CFU/mL calculated (CFU/mL = (number 
of colonies x 10 D )/0.02). The values were plotted from 
the average of the samples with the error bars represent- 
ing the standard deviation of the data. Samples were 
assayed in triplicate. For cells from the biofilm lifestyle; 
using the same plate as for the planktonic CFU/mL 
assay, the residual liquid was drained and the attached 
cells were washed three times with 200 uL of LB broth. 
After washing, 100 uL of fresh BHI media broth added 
into each well. The cells are detached by sonication for 
3 seconds (Soniclean sonicating waterbath, a protocol 
established to disrupt bacterial attachment and aggrega- 
tion), followed by removal of 20 uL from each well and 
a serial dilutions from 10 1 to 10~ 8 and plating onto 
BHI agar plates. Biofilm cells grow with an altered me- 
tabolism and it should be noted that the colonies on the 
plate appear different (generally smaller), but colony 
numbers are representative of live cell numbers within 
the system. CFU/mL are once again calculated using the 
formula; CFU/mL = (number of colonies x 10 D )/0.02. 
The values were plotted from the average of the samples 
and the error bars represented the standard deviation of 
the data. 

Transcriptomic analysis 

The selected strains; R3264 and Eagan were grown until 
late log-phase (16 hours) in 10 mL BHI liquid media and 
then cultured in BHI media broth in pH 6.8 and 8.0 for 
3.5 hours before the collecting the cells for RNA extrac- 
tion. To prevent RNA from degradation and preserved 
the RNA within the cells, cells were directly added to Phe- 
nol/Ethanol solution. The composition of phenol/ethanol 
solution is; 5% v/v Phenol (pH 4.3) and 95% v/v ethanol. 
The ratio used is 2/5 of the total cell culture volume: phe- 
nol/ethanol. This was left on ice for 2 hours before being 
centrifuged for 5 min. (4°C/4000xg) and the supernatant 
discarded. The cell pellet was kept at -80° C until RNA ex- 
traction. RNA is extracted using RNAeasy Mini kit ac- 
cording to RNAeasy mini standard protocol (QIAGEN). 
The RNA quality of the samples were checked with the 



Agilent Bioanalyzer (according to Agilent RNA 6000 
Nano kit standard protocol; samples were loaded into 
RNA Nano chip and run using Agilent 2100 Bioanalyser 
machine). For each sample three biological replicates 
of cell growth, harvesting and RNA extraction was per- 
formed. The RNA was pooled. 

RNA was provided to the Adelaide Cancer Genomic 
Research Facility (Adelaide Australia) for library prepar- 
ation and sequencing (RNAseq) using the Ion Proton 
platform (Life Technologies). 

The analysis pipeline used Bowtie2 [55] align reads from 
both samples to the H. influenzae RdKW20 reference gen- 
ome (Genbank: NC_000907), followed by processing with 
SAMtools and BEDTools to generate a mapped read 
count for the reference genes from each sample. Differen- 
tial expression analysis was performed using R program 
within the package edgeR and DESeq. In R, the genes that 
are statistically significant using the Benjamini-Hochberg 
procedure with a false discovery rate controlled at <0.1 
are recorded in the Results section. 
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Additional file 1: Table SI. Summary information of the strains used in 
this study. Figure SI. The growth profile of different strains of H. 
influenzae grown under different pH. Figure S2. The growth rates of H. 
influenzae strains under different pH. Figure S3. Viable cell counts of 
different H. influenzae strains grown under pH 6.8, 7.4 and 8.0. Figure S4. 
Scatter plots of log2 fold change against normalized counts for each of 
the genes identified from mRNAseq. 



Competing interests 

The authors declare that they have no competing interests. 
Authors' contributions 

The research project was devised by SJB and SPK. Assays were undertaken 
and methodology refined by Nl and AT, data were analysed by Nl, AT SJB, 
GDE, FZH and SPK. The manuscript was written by Nl, SJB and SPK and 
edited by GDE and FZH. All authors read and approved the final manuscript. 

Acknowledgments 

This work is supported by the Research Centre for Infectious Disease and 
USA NIH grant DC04218 (GDE). 

Author details 

Research Centre for Infectious Diseases, The University of Adelaide, North 
Terrace Campus, Adelaide, South Australia 5005, Australia. 2 School of 
Molecular and Biomedical Sciences, The University of Adelaide, North Terrace 
Campus, Adelaide, South Australia 5005, Australia. 3 Center for Genomic 
Sciences, Institute of Molecular Medicine and Infectious Disease, Philadelphia, 
PA 1902, USA. 4 Center for Advanced Microbial Processing, Institute of 
Molecular Medicine and Infectious Disease, Philadelphia, PA 1902, USA. 
department of Microbiology and Immunology, Drexel University College of 
Medicine, Philadelphia, PA 19102, USA. department of Otolaryngology-Head 
and Neck Surgery, Drexel University College of Medicine, Philadelphia, PA 
19102, USA. 

Received: 9 December 2013 Accepted: 19 February 2014 
Published: 21 February 2014 

References 

1. Marrs CF, Krasan GP, McCrea KW, Clemans DL, Gilsdorf JR: Haemophlius 
influenzae - human specific bacteria. Front Biosci 2001, 6:e41-e60. 



Ishak et al. BMC Microbiology 2014, 14:47 
http://www.biomedcentral.eom/1 471 -21 80/1 4/47 



2. Schembri MA, Givskov M, Klemm P: An attractive surface: gram-negative 
bacterial biofilms. Sci STKE 2002, 2002:re6. 

3. Aul JJ, Anderson KW, BKerber B, Wadowsky R, Doyle WJ, Kingsley LA, Post 
JC, Ehrlich GD: A comparative evaluation of culture and PCR for detction 
and determination of persistence of bacterial strains and DNAs in the 
Chincilla laniger model of otitis media. Ann Otol Rhinol Laryngol 1998, 
107:508-513. 

4. Borriello G, Richards L, Ehrlich GD, Stewart PS: Arginine or nitrate enhances 
antibiotic susceptibility of Pseudomonas aeruginosa in biofilms. 

Antimicrob Agents Chemother 2006, 50:382-384. 

5. Ehrlich GD, Veeh R, Wang X, Costerton JW, Hayes JD, Hu FZ, Daigle BJ, 
Ehrlich MD, Post JC: Mucosal biofilm formation on middle-ear mucosa in 
the chinchilla model of otitis media. JAMA 2002, 287:1710-1715. 

6. Moxon ER, Sweetman WA, Deadman ME, Ferguson DJP, Hood DW: 
Haemophilus influenzae biofilms: hypothesis or fact? Trends Microbiol 
2008, 16:95-100. 

7. Daines DA, Bothwell M, Furrer J, Unrath W, Nelson K, Jarisch J, Melrose N, 
Greiner L, Apicella M, Smith AL: Haemophilus influenzae luxS mutants form 
a biofilm and have increased virulence. Microb Pathog 2005, 39:87-96. 

8. Greiner LL, Watanabe H, Phillips NJ, Shao J, Morgan A, Zaleski A, Gibson BW, 
Apicella MA: Nontypeable Haemophilus influenzae strain 2019 produces 

a biofilm containing n-acetylneuraminic acid that may mimic sialylated 
o-linked glycans. Infect Immun 2004, 72:4249-4260. 

9. Hall-Stoodley L, Stoodley P: Evolving concepts in biofilm infections. Cell Microbiol 
2009, 11:1034-1043. 

10. Hoa M, Tomovic S, Nistico L, Hall-Stoodley L, Stoodley P, Sachdeva L, Berk R, 
Coticchia JM: Identification of adenoid biofilms with middle ear 
pathogens in otitis-prone children utilizing SEM and FISH. Int J Pediatr 
Otorhinolaryngol 2009, 73:1 242-1 248. 

1 1 . Johnston JW, Coussens NP, Allen S, Houtman JCD, Turner KH, Zaleski A, 
Ramaswamy S, Gibson BW, Apicella MA: Characterization of the 
N-Acetyl-5-neuraminic Acid-binding site of the extracytoplasmic solute 
receptor (SiaP) of Nontypeable Haemophilus influenzae Strain 2019. 

J Biol Chem 2008, 283:855-865. 

12. Jurcisek JA, Bakaletz LO: Biofilms formed by Nontypeable Haemophilus 
influenzae in vivo contain both double-stranded dna and type IV pilin 
protein. J Bacteriol 2007, 189:3868-3875. 

13. Webster P, Wu S, Gomez G, Apicella M, Plaut AG, Geme JWS III: Distribution 
of bacterial proteins in biofilms formed by Non-typeable Haemophilus 
influenzae. J Histochem Cytochem 2006, 54:829-842. 

14. Agarwal S, Sebastian S, Szmigielski B, Rice PA, Genco CA: Expression of the 
gonococcal global regulatory protein Fur and Genes encompassing the 
Fur and iron regulon during in vitro and in vivo infection in women. 

J Bacteriol 2008, 190:3129-3139. 

15. Andrews JS, Rolfe SA, Huang WE, Scholes JD, Banwart SA: Biofilm formation 
in environmental bacteria is influenced by different macromolecules 
depending on genus and species. Environ Microbiol 2010, 12:2496-2507. 

16. Chhibber S, Nag D, Bansal S: Inhibiting biofilm fomration by Klebsiella 
pneumoniae B5055 using an iron antagonizing molecule and a 
bacteriophage. BMC Microbiol 201 3, 1 3:1 74. 

17. Harrison A, Santana EA, Szelestey BR, Newsom DE, White P, Mason KM: 
Ferric uptake regulator and its role in the pathogenesis of nontypeable 
Haemophilus influenzae. Infect Immun 2013, 81:1221-1233. 

18. Lamont I, Konings A, Reid D: Iron acquisition by Pseudomonas aeruginosa 
in the lungs of patients with cystic fibrosis. Biometols 2009, 22:53-60. 

19. Rumbo-Feal S, Gomez MJ, Gayoso C, Alvarez-Fraga L, Cabral MP, Aransay 
AM, Rodriguez-Ezpeleta N, Fullaondo A, Valle J, Tomas M, Bou G, Poza M: 
Whole transcriptome analysis of Acinetobacter baumannii assessed by 
RNA-sequencing reveals different mrna expression profiles in biofilm 
compared to planktonic cells. PLoS ONE 2013, 8:e72968. 

20. Trappetti C, Potter AJ, Paton AW, Oggioni MR, Paton JC: LuxS mediates 
iron-dependent biofilm formation, competence, and fratricide in 
Streptococcus pneumoniae. Infect Immun 201 1, 79:4550-4558. 

21. Langereis JD, Hermans PWM: Novel concepts in nontypeable Haemophilus 
influenzae biofilm formation. FEMS Microbiol Lett 2013, 346:81-89. 

22. Tikhomirova A, Kidd SP: Haemophilus influenzae and Streptococcus 
pneumoniae: living together in a biofilm. Pathog Dis 2013, 69:1 14-126. 

23. Edwards JS, Palsson BO: Systems properties of the Haemophilus influenzae 
Rd metabolic genotype. J Biol Chem 1 999, 274:1 741 0-1 741 6. 

24. Fleischmann RD, Adams MD, White O, Clayton RA, Kirkness EF, Kerlavage AR, 
Bult CJ, Tomb JF, Dougherty BA, Merrick JM, McKenney K, Sutton G, 



Page 9 of 10 



Fitzhugh W, Fields C, Gocayne JD, Scott J, Shirley R, Liu LI, Glodek A, Kelley JM, 
Weidman JF, Phillips CA, Spriggs T, Hedblom E, Cotton MD, UtterbackTR, 
Hanna MC, Nguyen DT, Saudek DM, Brandon RC: Whole-genome random 
sequencing and assembly of Haemophilus influenzae Rd. Science 1995, 
269:496-512. 

25. Tan K, Moreno-Hagelsieb G, Collado-Vides J, Stormo GD: A comparative 
genomics approach to prediction of new members of regulons. Genome 
Res 2001 , 11:566-584. 

26. Erwin AL, Nelson KL, Mhlanga-Mutangadura T, Bonthuis PJ, Geelhood JL, 
Morlin G, Unrath WCT, Campos J, Crook DW, Farley MM, Henderson FW, 
Jacobs RF, Muhlemann K, Satola SW, van Alphen L, Golomb M, Smith AL: 
Characterization of genetic and phenotypic diversity of invasive 
Nontypeable Haemophilus influenzae. Infect Immun 2005, 73:5853-5863. 

27. Harrington JC, Wong SMS, Rosadini CV, Garifulin O, Boyartchuk V, Akerley BJ: 
Resistance of Haemophilus influenzae to reactive nitrogen donors and 
gamma interferon-stimulated macrophages requires the formate-dependent 
nitrite reductase regulator-activated ytfe gene. Infect Immun 2009, 
77:1945-1958. 

28. Harrison A, Ray WC, Baker BD, Armbruster DW, Bakaletz LO, Munson RS Jr: 
The OxyR regulon in Nontypeable Haemophilus influenzae. J Bacteriol 
2007, 189:1004-1012. 

29. Kidd SP, Djoko KY, Ng J, Argente MP, Jennings MP, McEwan AG: A novel 
nickel responsive MerR-like regulator, NimR, from Haemophilus 
influenzae. Metallomics 201 1, 3:1009-1018. 

30. Kidd SP, Jiang D, Jennings MP, McEwan AG: A glutathione-dependent 
Alcohol Dehydrogenase (AdhC) is required for defense against nitrosative 
stress in Haemophilus influenzae. Infect Immun 2007, 75:4506-4513. 

31. Nuutinen J, Torkkeli T, Penttila I: The pH of secretion in sinusitis and otitis 
media. J Otolaryngol 1993, 22:79. 

32. Wezyk M, Makowski A: pH of fluid collected from the middle ear in the 
course of otitis media in children. Otolaryngol Pol 2000, 54:131. 

33. Bakaletz LO, Baker BD, Jurcisek JA, Harrison A, Novotny LA, Bookwalter JE, 
Mungur R, Munson RS: Demonstration of Type IV Pilus expression and a 
twitching phenotype by Haemophilus influenzae. Infect Immun 2005, 
73:1635-1643. 

34. Hall-Stoodley L, Hu FZ, Gieseke A, Nistico L, Nguyen D, Hayes J, Forbes M, 
Greenberg DP, Dice B, Burrows A, Wackym PA, Stoodley P, Post JC, Ehrlich 
GD, Kerschner JE: Direct detection of bacterial biofilms on the middle-ear 
mucosa of children with chronic otitis media. JAMA 2006, 296:202-21 1. 

35. Cohen SS: Gluconokinase and the oxidative path of glucose-6-phosphate 
utilization. J Biol Chem 1951, 189:617-628. 

36. Eisenberg RC, Dobrogosz WJ: Gluconate metabolism in Escherichia coli. 
J Bacteriol 1967, 93:941-949. 

37. Sweeney NJ, Klemm P, McCormick BA, Moller-Nielsen E, Utley M, Schembri MA, 
Laux DC, Cohen PS: The Escherichia coli K-12 gntP gene allows E. coli F-18 to 
occupy a distinct nutritional niche in the streptomycin-treated mouse large 
intestine. Infect Immun 1996, 64:3497-3503. 

38. Sweeney NJ, Laux DC, Cohen PS: Escherichia coli F-18 and E. coli K-12 eda 
mutants do not colonize the streptomycin-treated mouse large intestine. 
Infect Immun 1 996, 64:3504-351 1 . 

39. Patra T, Koley H, Ramamurthy T, Ghose AC, Nandy RK The Entner-Doudoroff 
pathway is obligatory for gluconate utilization and contributes to the 
pathogenicity of Vibrio cholerae. J Bacteriol 2012, 1 94:3377-3385. 

40. Izu H, Adachi O, Yamada M: Gene organization and transcriptional 
regulation of the gntRKU operon involved in gluconate uptake and 
catabolism of Escherichia coli. J Mol Biol 1997, 267:778-793. 

41 . Porco A, Peekhaus N, Bausch C, Tong S, Isturiz T, Conway T: Molecular 
genetic characterization of the Escherichia coli gntTgene of Gntl, the 
main system for gluconate metabolism. J Bacteriol 1997, 179:1584-1590. 

42. Peekhaus N, Tong S, Reizer J, Saier MH, Murray E, Conway T: 
Characterization of a novel transporter family that includes multiple 
Escherichia coli gluconate transporters and their homologues. 
FEMS Microbiol Lett 1997, 147:233-238. 

43. Bates Utz C, Nguyen AB, Smalley DJ, Anderson AB, Conway T: GntP is the 
Escherichia coli fructuronic acid transporter and belongs to the UxuR 
regulon. J Bacteriol 2004, 186:7690-7696. 

44. Frunzke J, Engels V, Hasenbein S, Gatgens C, Bott M: Co-ordinated 
regulation of gluconate catabolism and glucose uptake in 
Corynebacterium glutamicum by two functionally equivalent 
transcriptional regulators, GntR1 and GntR2. Mol Microbiol 2008, 
67:305-322. 



Ishak et al. BMC Microbiology 2014, 14:47 
http://www.biomedcentral.eom/1 471 -21 80/1 4/47 



Page 10 of 10 



45. Letek M, Valbuena N, Ramos A, Ordonez E, Gil JA, Mateos LM: 
Characterization and use of catabolite-repressed promoters from 
gluconate genes in Corynebacterium glutomicum. J Bocteriol 2006, 

188:409-423. 

46. Klein G, Lindner B, Brade H, Raina S: Molecular basis of lipopolysaccharide 
heterogeneity in Escherichia coli. J Biol Chem 201 1, 286:42787-42807. 

47. Mole B, Habibi S, Dangl JL, Grant SR: Gluconate metabolism is required for 
virulence of the soft-rot pathogen Pectobacterium carotovorum. Mol Plant 
Microbe Interact 2010, 23:1335-1344. 

48. Klein G, Muller-Loennies S, Lindner B, Kobylak N, Brade H, Raina S: 
Molecular and structural basis of inner core lipopolysaccharide 
alterations in Escherichia coli: incorporation of glucuronic acid and 
phosphoethanolamine in the heptose region. J Biol Chem 2013, 
288:8111-8127. 

49. Mason KM, Bruggeman ME, Munson RS, Bakaletz LO: The non-typeable 
Haemophilus influenzae Sap transporter provides a mechanism of 
antimicrobial peptide resistance and SapD-dependent potassium 
acquisition. Mol Microbiol 2006, 62:1357-1372. 

50. Mason KM, Munson RS Jr, Bakaletz LO: A mutation in the sap operon 
attenuates survival of nontypeable Haemophilus influenzae in a chinchilla 
model of Otitis Media. Infect Immun 2005, 73:599-608. 

51. Mason KM, Munson RS Jr, Bakaletz LO: Nontypeable Haemophilus 
influenzae gene expression induced in vivo in a chinchilla model of otitis 
media. Infect Immun 2003, 71:3454-3462. 

52. Mason KM, Bruggeman ME, Munson RS, Bakaletz LO: The non-typeable 
Haemophilus influenzae Sap transporter provides a mechanism of 
antimicrobial peptide resistance and SapD-dependent potassium 
acquisition. Mol Microbiol 2006, 62:1357-1372. 

53. Morton DJ, Musser JM, Stull TL: Expression of the Haemophilus influenzae 
transferrin receptor is repressible by hemin but not elemental iron 
alone. Infect Immun 1993, 61:4033-4037. 

54. Szelestey BR, Heimlich DR, Raffel FK, Justice SS, Mason KM: Haemophilus 
responses to nutritional immunity: epigenetic and morphological 
contribution to biofilm architecture, invasion, persistence and disease 
severity. PLoS Pathog 2013, 9:e1 003709. 

55. Langmead B, Salzberg SL: Fast gapped-read alignment with Bowtie 2. 
Nat Methods 2012, 9:357-359. 



doi:1 0.1 186/1471-2180-14-47 

Cite this article as: Ishak et al.: There is a specific response to pH by 
isolates of Haemophilus influenzae and this has a direct influence on 
biofilm formation. BMC Microbiology 2014 14:47. 



Submit your next manuscript to BioMed Central 
and take full advantage of: 

• Convenient online submission 

• Thorough peer review 

• No space constraints or color figure charges 

• Immediate publication on acceptance 

• Inclusion in PubMed, CAS, Scopus and Google Scholar 

• Research which is freely available for redistribution 



Submit your manuscript at f~\ RiftMM i rpntral 

www.biomedcentral.com/submit \^ «««"™a central 



